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We  have  investigated  the  effects  of  varying  Si  oxidation  conditions  on 
intrinsic  film  stress  for  SiO^  films  formed  on  Si.  This  study  includes  stress 
measurements  on  four  Si  orientations:  (100),  (110),  (111),  and  (311);  at 
oxidation  temperatures  ranging  from  700-1100°C;  wet  (HjO)  vs.  dry  (0^) 
oxidations  for  (100)  and  (111)  surfaces;  and  the  effects  of  post-oxidation 
annealing  on  stress.  We  find  an  orientation  dependence  for  intrinsic  stress 
which  scales  in  the  following  manner:  (110)  >  (311)  >  (100)  >  (111);  a 
reduction  in  stress  for  wet  vs.  dry  studies;  and  an  even  larger  reduction  for 
post-oxidation  anneals.  A  recently  proposed  step  model  seems  to  account  for 
the  differences  in  stress  with  Si  orientation.  A  number  of  Si  oxidation  models 
based  on  intrinsic  stress  are  compared  in  their  ability  to  describe  the 
observed  behavior,  and  we  conclude  that  within  the  Deal-Grove  oxidation  model, 
the  linear  rate  constant  is  strongly  influenced  by  stress  in  the  initial  regime 
while  stress  is  also  likely  to  be  important  for  thicker  films. 


Introduction 


Recent  trends  in  the  microelectronics  industry  have  facilitated  the  need 
for  smaller  and  faster  MOS  devices.  For  technology  to  continue  to  advance,  a 
greater  understanding  of  processing  and  character izat ion  of  microelectronic 
materials  is  required.  The  oxidation  of  Si  to  SiC^  for  use  as  gate  dielectrics 
in  MOSFET's  is  probably  the  most  important  process  step  in  the  fabrication  of 
integrated  circuits.  As  a  consequence  of  scaling,  future  VLSI  advances  require 
smaller  film  thickness  (<200R)  and  lower  oxidation  temperatures  (<  900°C). 

The  kinetics  of  the  thermal  oxidation  of  Si  have  been  explained  using  the 
Deal-Grove  linear-parabolic  model  (1).  This  model  seems  to  work  well  for 
thicker  oxides  grown  at  higher  oxidation  temperatures,  where  kinetics  are 
oxidant  transport  limited,  but  does  not  account  for  anomalous  kinetic  behavior 
(1-4)  observed  for  the  initial  oxidation  regime.  In  recent  years,  several 
studies  have  reported  the  observation  of  an  intrinsic  SiO^  film  stress 
resulting  from  thermal  oxidation  of  Si  at  low  temperatures  (5-8).  A  number  of 
models  have  been  proposed  which  consider  stress  to  be  influential  on  either  the 
interface  reaction  (9,10)  or  the  diffusivity  of  oxidant  species  through  a 
strained  oxide  (11,12,13).  The  origin  of  the  intrinsic  film  stress  has  been 
attributed  to  a  lack  of  viscous  flow  in  Si02  at  lower  temperatures  (<1000°C) 
(5,7)  arising  from  an  inability  to  accomodate  the  volume  change  in  converting 
Si  to  SiO,,. 

We  report  new  measurements  on  the  orientation  dependence  of  stress  for 
four  Si  orientations  ((100),  (110),  (111),  and  (311))  using  a  previously 


described  visible  light  double  beam  reflection  technique  (8).  An  orientation 
dependence  has  been  reported  (1-4)  for  the  thermal  oxidation  of  Si, 
particularly  in  the  early  stages  of  oxidation.  More  recently,  both  theoretical 
(10)  and  experimental  (14)  observations  have  included  the  effects  of  mechanical 
properties  on  the  Si-SiO^  interface  and  on  the  early  stages  of  oxidation. 

Other  studies  (11,12,13)  also  include  the  effects  of  interfacial  stresses  on 
oxidation  kinetics  using  the  transport  limitation  of  oxidant  through  a  stressed 
film.  In  this  study,  we  utilize  the  reported  stress  data  to  test  both  the 
interface  and  transport  models.  Since  it  was  reported  that  high  temperature 
annealing  (15)  and  H^O  oxidation  ambients  (1,16)  alter  the  oxidation  kinetics, 
we  also  report  in  this  study  the  effects  of  other  varying  oxidation  conditions 
on  intrinsic  film  stress,  viz.  wet  vs.  dry  oxidation,  and  post-oxidation 
annealing,  and  then  compare  these  results  with  the  models.  We  find  that  a 
surface  step  model  (17,18)  explains  our  experimental  findings  and  thus  surface 
steps  are  a  potentially  important  part  of  the  oxidation  phenomena. 

Experimental  Procedures 

Sample  preparation. 

The  measurement  of  intrinsic  SiO^  film  stress  was  performed  on  four  Si 
substrate  orientations:  (100),  (110),  (111),  and  (311).  A  slightly  modified 
RCA  cleaning  method  (19)  was  used  to  clean  all  samples  prior  to  oxidation, 
which  was  performed  under  atmospheric  pressure  using  dry  0^  (less  than  5  ppm 
H^O  and  .5  ppm  hydrocarbons).  For  all  oxidation  experiments  performed  in  this 


study,  the  furnace  was  maintained  with  a  flowing  N„  ambient  obtained  directly 


from  a  LN^  source  when  oxidations  were  not  in  progress.  A  series  of 
temperatures  from  700-1100°C  was  investigated  for  all  orientations  and  samples 
were  usually  oxidized  together  to  minimize  slight  differences  in  conditions. 

The  Si  wafers  used  were  commercially  obtained  single  crystal  Si  wafers  with  the 
following  characteristics:  (100),  (110),  (111)-  2  ohm-cm,  p-type,  1-1.5  in. 
diameter;  and  (311)-  5  ohm-cm,  n-type,  1.25  in.  diameter.  All  four  orientations 
were  polished  on  one  side  and  approximately  8-11  mil  thick  prior  to  oxidation. 
For  the  accurate  measurement  of  strains  for  this  substrate  thickness, 
approximately  1000X  of  SiO^  was  required  to  obtain  sufficient  deformation  (8). 
The  range  of  oxide  thickness  was  approximately  1000-10,000  X  for  the 
experiments  reported  in  this  study.  Once  the  samples  were  oxidized  under 
normal  conditions  the  SiO^  film  thickness  was  measured  using  ellipsometry  with 
an  accuracy  of  +  0.01°  for  the  angular  settings  of  the  optical  components  and 
the  angle  of  incidence,  thus  yielding  less  than  21  error  in  film  thickness. 
After  oxidation  and  thickness  measurements,  the  oxide  was  removed  from  the 
unpolished  back  side  of  the  wafer  and  the  strain  was  measured  in  a  manner 
previously  reported  (8)  and  briefly  described  below. 

The  effects  of  oxidizing  Si  in  a  1^0  containing  ambient  were  also 
investigated.  A  quartz  bubbler  was  placed  in  series  with  a  gas  feed  line  to 
the  resistively  heated  furnace,  and  dry  0^  was  bubbled  through  to  provide  the 
wet  oxidation  ambient  at  1  atm  pressure.  These  oxidations  were  performed  on 
(100)  and  (111)  oriented  Si  at  oxidation  temperatures  of  700  and  800°C.  It 
should  be  noted  that  this  experiment  was  not  an  actual  steam  oxidation,  since 
the  quartz  bubbler  was  kept  at  room  temperature.  It  was  estimated  that  this 
resulted  in  an  order  of  magnitude  less  1^0  compared  to  a  typical  steam 


oxidation,  but  we  anticipate  similar  oxidation  behavior  (16).  It  has  been 
previously  established  (20,21)  that  even  traces  of  H^O  profoundly  affect  the 
oxidation  rate  and  many  physical  properties  of  the  SiC^  film,  but  in  light  of 
the  concentration  of  H^O  (10^  ppm)  in  the  ambient  used  here  our  results  are 
compared  directly  with  steam  oxidations. 

Post-oxidat ion  anneals  were  performed  on  (100)  and  (111)  samples  in  N  for 
one  hour  at  1000°C  in  order  to  investigate  stress  relaxation.  The  samples  were 
initially  dry  oxidized  at  700  and  800°C  in  1  atm  C^,  and  the  wafer  deformation 
(strain)  was  measured.  The  samples  were  remeasured  after  annealing,  and  a 
direct  comparison  of  unannealed  vs.  annealed  samples  was  thus  obtained. 

Strain  measurements. 

We  have  previously  reported  the  details  of  the  use  of  a  double  beam  (He-Ne 
laser)  reflection  technique  to  measure  Si  wafer  strain  resulting  from  the 
oxidation  process  (8).  This  is  accomplished  by  measuring  the  deviation  of  two 
parallel  laser  beams  which  are  reflected  from  a  sample.  From  these 
measurements  the  radius  of  curvature  (R)  of  a  sample  can  be  obtained  within 
about  5%  error  as  determined  using  calibration  standards,  and  the  average  total 
stress  can  be  derived  according  to  Stoney  (22): 

o-  =  Et  ^/6(l-v)t-R  (1) 

t  s  r 

where  E  and  v  are  Young's  modulus  and  Poisson's  ratio  of  Si,  respectively,  and 
tg  and  t^  are  the  substrate  and  film  thickness  in  meters,  respectively.  The 
values  of  E/l-v  for  all  four  Si  orientations  and  SiC>2  are  reported  in  Table  ]. 
Equation  (1)  is  based  on  the  assumption  that  the  stress  distribution  is 
isotropic  (26)  and  that  no  plastic  deformation  occurs.  Since  the  measurement 


was  performed  at  room  temperature,  equation  (1)  yields  the  total  film  stress, 
which  is  the  sum  of  the  thermal  expansion  and  the  intrinsic  stress  components. 
Thermal  expansion  stress  results  from  a  difference  in  thermal  expansion 


coefficients,  cx,  for  Si  and  SiC^  as  follows: 

°"th(T)  =  *  ?OX(E/1~v)(<xsio2~<xsi)  dT  (2) 

where,  Tqx  and  T  are  the  oxidation  temperature  and  the  temperature  at  which  the 
stress  is  measured  (room  temperature),  respectively  (27),  and  E  and  v  are 
Young's  Modulus  and  Poisson's  ratio  of  the  SiC>2  film.  If  one  assumes  that 
Young's  Modulus  and  the  thermal  expansion  coefficient  of  the  film  do  not  change 
significantly  over  the  temperature  range,  then  equation  (2)  can  be  approximated 
by 

o-  =  /\oc/\TE/(  1-v)  (3) 

tn  —  — 

Note  that  the  thermal  expansion  stress  is  zero  at  the  oxidation  temperature  and 

develops  as  the  sample  cools  to  room  temperature.  Thus,  the  thermal  expansion 

stress  cannot  affect  oxidation  kinetics  at  T  but  could  influence  other  room 

ox 

temperature  properties.  For  Si-Si02  samples,  o~th  results  in  compression  in 
the  oxide  since  the  thermal  expansion  coefficient  of  Si  is  2.6  X  10  ^  °C  * 

(28),  and  is  approximately  five  times  that  for  SiC>2,  0.52  X  10  6  °C  1  (25). 

By  calculating  the  thermal  stress  using  equation  (3),  the  intrinsic  stress 
can  be  determined  by  the  difference  between  the  thermal  and  total  stress  (Eq. 


( 1 ) ) .  Thus , 


the  intrinsic  film  stress  o- .  is: 

i 


^  =  o-f  - 


where  o-^.  is  the  total  film  stress  and  o-  ^  the  thermal  expansion  stress  as 

shown  in  the  previous  equations.  Measurements  of  o-.  in  our  laboratory 

9  2 

resulted  in  an  average  standard  deviation  of  approximately  0.5x10  dyn/cm  , 


obtained  over  all  temperatures  reported. 

Results  and  Discussion 

As  pointed  out  above,  a  number  of  relevant  oxidation  models  have  been 
proposed  that  contain  either  an  explicit  or  implicit  Si  orientation  dependence 
and/or  characteristic  behavior  with  differing  oxidation  ambient  and/or 
annealing  conditions.  In  the  following  sections  we  discuss  some  of  the 
published  models  in  view  of  both  our  new  stress  data  and  other  relevant 
published  results.  It  is  instructive  to  point  out  here  that  while  we  have 
drawn  conclusions  from  our  experimental  results  on  stress,  this  analysis  is 
based  on  oxide  thicknesses  which  are  for  the  most  part  greater  than  lOOoX.  It 
is  conceivable  that  the  observed  stresses  differ  considerably  at  smaller  oxide 
thickness  (early  stages  of  oxidation).  A  suitable  techniaue  for  such 
measurement  is  not  yet  available  but  work  on  this  topic  is  currently  being 
carried  out  in  our  laboratory. 

Orientation  Effects 

Figure  1  shows  the  intrinsic  stress  as  a  function  of  oxidation  temperature 
for  all  four  orientations  studied.  We  observe  that  all  orientations  display  an 
intrinsic  compressive  Si0o  film  stress  that  increases  with  decreasing  oxidation 
temperature.  This  result  agrees  both  with  past  stress  measurement  results 
(6,7,8)  and  with  the  proposed  viscous  flow  model  (5,7)  which  explains  the 
origin  of  this  intrinsic  stress  as  a  result  of  the  unsatisfied  volume 
requirement  of  the  oxidation  reaction  of  Si  to  form  a  SiO  film  constrained  by 


adhesion  in  the  plane  of  the  Si  surface.  It  should  be  noted  that  a  small 

numerical  error  in  calculating  thermal  stress  was  made  in  our  previous  results 

(8)  and  in  fact  no  tensile  intrinsic  stress  results  in  the  oxide  as  suggested 

by  our  previous  plots  demonstrating  viscons  flow,  Figs.  3  and  4,  ref.  (8).  We 

now  recount  the  essential  features  of  the  viscous  flow  model  (7).  Figure  2 

illustrates  that  the  oxidation  caused  compressive  stress  in  the  x,y  plane  of  Si 

causes  the  relaxation  of  the  film  into  the  z  direction.  Representing  SiO^  as  a 

Maxwell  viscoelastic  solid,  the  rate  of  viscous  flow  d4  /dt  for  a  constant 

z 

applied  stress  in  the  o-  plane  is 

xy  r 

d4  /dt  =  o-  /n  (5) 

z  xy  lox 

where  ]^QX  is  the  oxide  viscosity.  The  rate  of  viscoelastic  relaxation  depends 
on  the  temperature  coefficient  of  the  viscosity,  E ^ ,  as  shown  below: 

'1o,(I)  ■  Vx',(Er)/RT>  (6> 

where  is  a  pre-exponential  constant  and  Ej^  the  energy  of  activation  for 

viscosity.  At  higher  temperatures,  ]^QX  decreases  rapidly  and  the  SiC^  flows 
freely  in  the  z  direction.  For  low  temperature  oxidations  (<  1000°C),  the 
substantially  larger  oxide  viscosity  precludes  relaxation  during  normal 
oxidation  times.  The  Maxwell  model  results  in  the  following  equation  for 
stress  relaxation: 


o-  *  o-  exp(-t/T)  (7) 

o 

where  o~  is  the  maximum  oxide  stress,  t  the  oxidation  time,  and  ~C  the 
characteristic  relaxation  time  (7).  In  a  recent  publication  (8)  we  confirmed 
previous  data  (5-7)  that  intrinsic  stress  increases  as  a  function  of  decreasing 


oxidation  temperature  according  to  the  predictions  of  this  model. 

It  is  apparent  that  the  linear-parabolic,  L-P,  oxidation  model  (1)  has 


neither  an  explicit  Si  orientaiton  dependence  nor  any  intrinsic  stress 
dependence.  This  Si  oxidation  model  that  considers  a  steady  state  in  the 
oxidant  flux  and  the  interface  reaction  results  in  an  integrated  rate  equation 
of  the  form: 

t-t  =  (L2-L  2)/k  +  (L-L  )/k,  (8) 

o  op  o  1 

where  L  and  t  are  the  oxide  thickness  and  oxidation  time,  respectively;  Lq  and 

t  define  the  initial  oxidation  regime  which  does  not  conform  to  L-P  kinetics; 

and  kj  and  k^  define  the  linear  and  parabolic  rate  constants,  respectively. 

Implicit  in  k^  is  the  number  of  Si  atoms  on  the  particular  orientation  in 

question.  A  modified  form  of  the  L-P  model  has  recently  been  proposed  (10). 

For  the  present  purposes,  only  the  formulation  of  the  revised  linear  rate 

constant  is  germane.  The  revised  k^  is  explicit  with  respect  to  the  areal 

density  of  Si  atoms,  C^,  intrinsic  stress,  o-  ,  and  oxide  viscosity,  ]^Qx  as 

k  oc  C  ■  o-  /ii  (9) 

1  Si  xy  (ox 

The  orientation  dependence  is  direct  through  C„.  and  indirect  within  o- 

Sx  xy 

since  the  stress  is  proportional  to  Young's  modulus,  E: 

o-  =  E4  (10) 

where  4  is  the  strain.  This  revised  model  was  recently  employed  to  explain  a 
crossover  effect  observed  in  the  very  early  stages  of  oxidation  (14)  for  the 
major  Si  orientations  ((111),  (110),  (100)).  It  was  found  that  the  (110) 
surface  exhibited  a  faster  oxidation  rate  than  the  (111)  in  the  very  early 
stages  of  oxidation,  with  the  (111)  surface  dominating  the  rate  order  after  a 
crossover  point  of  characteristic  oxide  thickness  (4,14,24).  According  to 
Figure  1  and  equation  9  above,  we  deduce  that  the  (110)  should  be  the  fastest 
oxidizing  surface.  The  (110)  not  only  has  the  largest  areal  density  of  Si 


atoms  (29)  for  these  three  major  orientat ions ,  but  also  has  the  highest 
measured  stress.  This  finding  is  somewhat  different  than  was  previously 
reported  (14).  The  previous  study  was  without  the  benefit  of  the  stress 
measurements  herein  reported  and  relied  on  theoretical  predictions  of  the 
orientation  behavior  of  the  stress,  and  therefore  it  was  thought  that  the 
orientation  dependence  of  the  stress  should  be  ordered  according  to  the 
orientation  dependence  of  E/l-v.  This  is  so  because  the  oxidation  induced 
strain  is  constant  as  a  result  of  the  same  volume  change  for  all  the 
orientations.  This  order  (24)  is  as  follows: 

(111)  >  (110)  >  (100) 

and  this  order  should  dominate  in  a  stress  dominant  region.  With  this  in  mind, 
it  was  previously  assumed  that  this  stress  dominant  regime  commenced  above  the 
crossover  where  the  (111)  Si  orientation  was  found  to  oxidize  the  fastest. 

Now,  however,  our  stress  measurements  show  that  the  (111)  has  a  small  relative 
stress.  Therefore,  we  now  conclude  that  both  areal  density  and  measured  oxide 
stress  are  important  at  the  outset  of  the  oxidation,  and  their  product  scales 
initially  with  the  oxidation  rates  according  to  equation  (9).  This  conclusion 
is  reasonable  since  the  intrinsic  stress  is  tensile  in  the  Si  and  thus  the 
stretched  Si-Si  bonds  on  the  surface  are  likely  easier  to  react.  When  the 
oxide  becomes  sufficiently  thick  and  the  diffusion  regime  commences,  the 
intrinsic  compressive  oxide  stress  alters  the  oxidation  order  in  favor  of  the 
(111)  since  smaller  compressive  stress  in  the  oxide  reduces  the  diffusivity 
least  for  the  (111)  surface.  This  latter  idea  on  the  effect  of  stress  on 
diffusivity  has  been  discussed  by  several  authors  (11,12,13). 

The  surface  step  model  proposed  by  Mott  (17)  in  conjunction  with  very 


recent  results  of  Leroy  (18)  show  how  it  may  be  possible  to  form  SiO^  on  Si 
without  the  necessity  for  the  buildup  of  a  large  intrinsic  stress.  This  Mott 
model  is  pictorially  illustrated  in  Figure  3  in  which  a  Si  surface  with  an 
atomic  step  is  shown.  If  oxidation  takes  place  predominantly  at  steps  (edge  or 
kink  sites),  the  oxide  film  advances  with  a  volume  expansion  laterally  as  well 
as  normal  to  the  surface.  In  this  manner  a  large  fraction  of  the  stress  is 
relieved  as  the  film  grows.  While  Mott  did  not  discuss  an  orientation 
dependence  for  the  substrate,  the  work  of  Hahn  and  Henzler  (30)  gives  evidence 
for  such  a  relationship.  These  workers  used  a  LEED  technique  employing  spot 
broadening  measurements  to  establish  that  various  process  parameters  such  as 
substrate  orientation  and  oxidation  and  annealing  conditions  alter  the  number 
of  surface  steps.  In  the  comparison  of  (111)  and  (100)  Si  orientations  under 
identical  treatments,  they  report  approximately  a  factor  of  two  larger  density 
of  edge  atoms  for  (111)  samples.  Thus,  combining  this  finding  with  the  Mott 
model  we  may  expect  a  lower  experimental  stress  than  that  which  is  calculated 
based  on  the  E/l-v  value  and  a  constant  volume  change  strain.  Therefore  we 
conclude  that  the  revised  linear  rate  constant  although  accounting  for  stress 
and  areal  Si  densities  still  requires  modifications  perhaps  in  accordance  with 
the  Mott  step  model. 

Leroy  (18)  has  recently  been  able  to  quantitatively  account  for  the 
orientation  dependence  of  our  stress  data.  He  considers  the  resolution  of  the 
biaxial  stress  in  the  plane  of  the  variously  oxidized  Si  surfaces  to  the 
appropriate  slip  plane  in  the  Si.  He  compares  this  resolved  stress,  cr ,  to  the 
critical  shear  stress,  T  ,  for  Si  for  the  orientations.  When  ~C  is  exceeded, 
defects  are  produced  in  the  Si  which  are  later  oxidized  away.  The  result  is 


different  residual  stress.  Leroy's  calculations  require  lateral  oxidation  at 
steps  and  is  therefore  consistent  with  the  Mott  step  model  (17). 

The  (311)  orientation  was  included  for  study  because  it  has  been  reported 
to  have  about  a  252  greater  areal  density  of  Si  atoms  than  the  (110)  (29)  and 
an  intermediate  value  for  E/l-v,  although  this  value  is  not  isotropic  in  the  Si 
surface  (24).  In  accordance  with  the  revised  linear  rate  constant  we  might 
expect  a  higher  initial  oxidation  rate  compared  with  the  (100).  However,  it 
has  been  observed  that  the  (311)  surface  shows  a  very  similar  oxidation  rate 
compared  to  that  for  the  (100)  (24),  and  therefore  a  considerably  lower  rate 
than  the  (110)  surface.  Figure  1  shows  comparable  stresses  for  the  (311)  and 
(100)  planes.  While  we  are  not  yet  certain  of  the  reason  for  these 
discrepancies,  it  is  believed  that  the  (311)  surface  actually  has  only  a 
slightly  greater  areal  density  than  the  (100)  (31)  and  thus  with  a  similar 
intrinsic  stress  should  display  an  oxidation  rate  similar  to  the  (100)  as  we 
observe.  This  is  based  on  the  idea  that  the  (311)  plane  is  vicinal  to  the 
(100)  and  (111)  surfaces  (24,32).  Further  work  is  in  progress  on  this  point. 

Three  recent  models  (11,12,13)  treat  the  possible  effects  of  stress  on  the 
transport  of  oxidant  through  an  Si02  film  during  oxidation.  According  to 
Fargeix  et  al  (12)  and  Camera  Roda  et  al  (13)  the  conditions  that  yield  the 
lowest  intrinsic  stress  should  also  yield  the  fastest  rate,  since  these  authors 
couple  an  increased  compressive  stress  with  decreased  diffusivity.  The 
distribution  of  stress  is  also  considered  to  affect  the  shape  of  the  thickness 
time  oxidation  curves.  Not  readily  explained  by  these  stress-diffusion  models 
is  our  finding  that  the  (110)  surface  displays  both  the  greatest  rate  and  the 
largest  stress.  For  larger  Si02  film  thicknesses  where  the  (111)  orientation 


displays  the  larger  oxidation  rate,  the  stress-diffusion  models  give  the 
correct  order.  One  study  (12)  uses  this  stress-diffusion  model  to  predict  the 
shape  of  the  very  initial  regime.  The  model  proposed  by  Doremus  (11)  has  no 
explicit  orientation  dependence,  but  is  very  similar  to  the  other  proposed 
transport  models  (12,13)  in  that  it  considers  D  to  decrease  with  increasing 
compressive  stress.  Here  also  the  Si  orientation  dependence  in  the  very 
initial  regime  is  not  explained.  Doremus  mentions  (11)  that  his  model  probably 
does  not  account  for  dry  0^  oxidations  which  exhibit  an  anomalous  initial 
regime-.  While  with  this  comment  in  mind  the  latter  model  seems  to  represent 
the  observations,  we  show  below  that  intrinsic  stress  is  significantly  reduced 
-or  HO  oxidation  ambients  and  thus  less  effective  in  altering  the  oxidation 


Oxiiat ion  Ambient  and  Annealing 

1  igures  4  and  5  show  that  for  both  the  oxidations  carried  out  in  an  H^O 
..ting  ambient  and  for  post  oxidation  inert  ambient  annealing,  the 
*.»•  rant  intrinsic  stress  is  decreased  from  the  dry  oxidation  case  for  both 

ions  studied.  Previous  oxidation  kinetics  studies  have  shown  that  H^O 
■  ’ -  np  ambients  exhibit  an  increased  oxidation  rate  over  the  rate 

•i  i.  e  only  to  the  presence  of  H^O,  a  more*  virulent  oxidant  than  0,( 

hnee  this  rate  enhancement  effect  was  seen  mainly  for  the  parabolic 
. .  .  msLsnt  (in)  which  is  associated  with  the  transport  of  oxidant  (1),  this 

was  explained  by  considering  the  effect  of  Ho0  on  transport  of  the  major 
’  i  ,  00.  H90  is  known  to  react  with  the  Si-O-Si  network  with  the  formation 
.>;  .• !  -  Ori  groups.  The  result  is  a  marked  decrease  in  the  oxide  viscosity  (33). 


This  argument  is  now  further  substantiated  by  the  presently  reported  reduced 
intrinsic  stresses  for  oxidations  performed  in  the  HjO  containing  ambients. 
Furthermore,  the  present  results  are  in  accord  with  a  previous  study  that 
showed  a  reduced  relaxation  time  for  the  intrinsic  stress  and  refractive  index 
for  anneals  in  a  H^O  containing  ambient  (7).  This  previous  study  (7)  has  also 
reported  intrinsic  stress  relaxation  for  an  inert  ambient  anneal,  but  at  a 
slower  rate  than  for  the  H^O  containing  ambient.  This  effect  of  the  inert 
anneal  is  also  confirmed  by  the  present  more  extensive  results.  Recent  studies 
(15)  show  that  the  oxidation  rate  is  enhanced  even  after  the  dry  inert  ambient 
anneals.  This  is  consistent  with  the  above  mentioned  notion  that  the 
compressive  stress  relaxation  itself  increases  the  oxidant  diffusivity  and  thus 
the  overall  oxidation. 

Summary  and  Conclusions 

We  have  reported  the  results  of  a  number  of  studies  showing  the  effects  of 
varying  oxidation  conditions  on  intrinsic  film  stress.  It  was  found  that  an 
orientation  dependence  exists  for  film  stress  which  may  help  explain  the 
anomolous  behavior  observed  in  the  initial  regime  of  Si  oxidation  kinetics. 
Other  studies  included  the  effects  of  wet  (H^O)  oxidations  on  stress,  and  the 
effects  of  post-oxidation  anneals,  where  it  was  found  that  stress  was  decreased 
in  both  studies,  with  greater  reductions  observed  for  the  oxidant  grown  at  700 
°C  as  compared  to  800  °C.  We  have  used  both  the  viscous  flow  model  and  an 
atomic  step  model  to  explain  the  results  obtained  in  these  studies.  In 
combination,  these  two  models  may  lead  to  a  more  accurate  description  of  the 


kinetic  behavior  of  low  temperature  thermal  oxidations,  and  consequently 
increase  our  understanding  of  the  effects  of  stress  on  the  linear  rate  constant. 
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Figure  1.  Intrinsic  film  stress  vs.  oxidation  temperature  for  four  Si 
orientations  at  1  atm  pressure. 

Figure  2.  Pictoral  representation  of  viscous  flow  model  for  Si-SiO^ 

system  (Taken  from  ref.  7  with  permission  of  the  Electrochemical 
Soc . ) . 

Figure  3.  Pictoral  representation  of  atomic  step  showing  edge  or  kink 
site  (Taken  from  ref.  28). 

Figure  4.  Intrinsic  film  stress  vs.  oxidation  temperature  for  (100)  samples 
oxidized  in  dry  (0„)  and  wet  (H„0)  oxide,  and  annealed 
(N  at  1000°C). 

Figure  5.  Intrinsic  film  stress  vs.  oxidation  temperature  for  (111) 

samples  oxidized  in  dry  (0_)  and  wet  (H„0)  oxide,  and  annealed 
(N„  at  1000°C). 
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